Abstract. Cisplatin (CDDP) is a commonly used drug for gallbladder cancer (GBC) chemotherapy. However, resistance to CDDP treatment results in relapse. Therefore, there is a need for the development of more effective treatment strategies to overcome chemoresistance. Dual-specificity phosphatase 1 (DUSP1) was reported to be involved in the resistance of a number of chemotherapeutic agents and was revealed to be highly expressed in CDDP-resistant GBC cells and CDDP-treated tumor types compared with normal cells or tissues in the present study. DUSP1 was revealed to inhibit the cytotoxicity of CDDP in two GBC cell lines, SGC996 and GBC-SD. P38 mitogen-activated protein kinases may be involved in the mechanism of chemoresistance. Furthermore, the number of DNA double-strand breaks in SGC996 OE cells was reduced compared with SGC996 vector cells indicating DUSP1 may attenuate the chemotherapeutic efficiency. Due to its potency against CDDP treatment, DUSP1 may be a promising target to overcome chemoresistance in GBC therapy.
Introduction
Gallbladder cancer (GBC) has a high occurrence among populations in the Andean area, Native Americans and Mexican Americans (1) . GBC is often diagnosed at a late stage due to its unapparent symptoms at the early stage (2) . Surgery is currently the primary option for GBC treatment alongside a combination of 5-fluorouracil (5-FU) and cisplatin (CDDP), which is a common choice for advanced GBC (3, 4) . Although chemotherapy exerts a therapeutic effect in a number of patients, chemoresistance eventually occurs in patients that receive chemotherapy (5) .
CDDP is one of the most widely used cytotoxic anticancer drugs (6) (7) (8) (9) . CDDP mainly reacts with the N7-position of guanine, forming inter-and intra-strand DNA cross-links and blocks replication and transcription, and may result in replication-mediated double-strand breaks (DSBs) (10, 11) . However, resistance to these drugs undermines their curative potential. The resistance to CDDP and numerous other chemotherapeutic agents is partially due to a wide range of genetic and epigenetic alterations which result in abnormal cell survival (12) (13) (14) . In the present study, the expression of a number of chemotherapy resistance-associated genes (DUSP1, HIF-1α, MDR1, MRP1) was compared between CDDP-resistant SGC996 and GBC-SD cells and normal SGC996 and GBC-SD cells. Notably, one gene (dual-specificity phosphatase 1 (DUSP1)) expression was markedly increased in the established CDDP-resistant cells compared with the normal cells. Using an in vivo assay, DUSP1 expression in subcutaneous tumors was also elevated following CDDP treatment.
DUSP1 is one member of the DUSP family, which consists of a total of 25 members. The expression of DUSP1 is cancer-dependent (15) . In a range of epithelial tumor types including pancreatic ductal adenocarcinoma (PDAC), non-small-cell lung cancer, breast, ovarian, gastric and early-stage prostate cancer, DUSP1 was revealed to be overexpressed, however it was decreased in hepatocellular carcinoma (16) (17) (18) (19) . The DUSP family are specific inhibitory molecules which target mitogen-activated protein kinases (MAPKs) (20) . By inhibiting p38 and c-Jun N-terminal kinase (JNK) activity, DUSP1 enhances resistance to doxorubicin or paclitaxel in breast cancer, osteosarcoma and non-small cell lung carcinoma cell lines (17, (21) (22) (23) (24) . However, there are few studies on the association between DUSP1 expression and chemoresistance in GBC.
The present study examined the expression of DUSP1 in two GBC cell lines: SGC996 and GBC-SD. DUSP1 expression was revealed to be relatively low in GBC cells and was overexpressed in the two cell lines. An MTS assay revealed that DUSP1 overexpressing GBC cells had better survival and lower apoptosis following CDDP treatment compared with untreated control cells. DUSP1 overexpression was verified to inhibit p38 MAPK activity and decrease apoptosis compared DUSP1 enhances the chemoresistance of gallbladder cancer via the modulation of the p38 pathway and DNA damage/repair system with control cells. Further experiments indicated that fewer DSB were formed in DUSP1 overexpressing cells compared with control cells. Therefore, DUSP1 may be a potential therapeutic target to enhance the efficiency of chemotherapy for GBC.
Materials and methods
Cell culture. Human GBC cell line GBC-SD and SGC996 cells were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). GBC-SD and SGC996 were cultured in RPMI-1640 (Gibco; Thermo Fisher Scientific, Inc, Waltham, MA, USA) containing penicillin (100 IU/ml) and streptomycin (100 µg/ml), supplemented with 10% fetal bovine serum which was diluted in PBS (Gibco; Thermo Fisher Scientific, Inc.). All cell lines were cultured in a 5% (v/v) CO 2 humidified incubator at 37˚C.
Construction of stable expression GBC cell lines. DUSP1 expression plasmid was generated by cloning DUSP1 cDNA into the basic retroviral transfer plasmid Pwpi (Biovector Science Lab, Inc., Beijing, China) to generate the plasmid pWPI-DUSP1.
To generate DUSP1 overexpressing cells, GBC-SD and SGC996 cells were transfected with lentiviral vectors pWPI-DUSP1 or pWPI-Vec, the psAX2 packaging plasmid and the pMD2G envelope plasmid were used to obtain the lentivirus at 37˚C. This was then collected and frozen at -80˚C until use. The cells were transfected using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). Lentiviral supernatants were then collected to infect GBC cells. Following viral infection, the media was replaced with normal RPMI-1640 culture media. The stable cells were selected and examined using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis.
RT-qPCR.
For RNA extraction, total RNA was isolated using Trizol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). A total of 1-2 µg of total RNA was subject to RT using Superscript III transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.). RT-qPCR was conducted using a Bio-Rad CFX96 system (Bio-Rad, Laboratories, Inc., Hercules, CA, USA) with SYBR green to determine the mRNA expression level of a gene of interest such as DUSP1, HIF-1α, MDR1 and MRP1. Expression levels were normalized to the expression of GAPDH mRNA. In brief, 50 ng small RNA was processed for poly A addition by adding 1 unit of polymerase with 1 mM ATP in 1xRT buffer (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C for 10 min in a 10 µl volume, and then heat inactivated at 95˚C for 2 min, and then 50 pmol anchor primer (DUSP1, HIF-1α, MDR1 and MRP1) were added to 12.5 µl volume total PCR mix, incubated at 65˚C for 5 min, and the last step was cDNA synthesis, with the addition of 2 µl 5X RT buffer, 2 µl 10 mM dNTP and 1 µl reverse transcriptase to a total volume of 20 µl and incubated at 42˚C for 1 h 25 min. The sequences of the GAPDH primers are as follows: Forward, 5'-GGA GTC AAC GGA TTT GGT-3' and reverse, 5'-GTG ATG GGA TTT CCA TTG AT-3'. The sequences of DUSP1 are as follows: Forward, 5'-CCT GAC AGC GCG GAA TCT-3' and reverse, 5'-GAT TTC CAC CGG GCC AC-3'. Analysis of relative gene expression was quantified with the 2 -ΔΔCq method (25) . ) were seeded on a 96-well plate with 3 replicate wells. Following cell adhesion, various concentrations of CDDP (Sigma-Aldrich, Merck KGaA) diluted in DMSO (1, 1.5, 2, 2.5, 3, 3.5 µg/ml) were added. Following incubation for 1 h at 37˚C, cell viability was assessed every 48 h utilizing the tetrazolium-based MTT colorimetric assay (CellTiter 96 cell proliferation assay kit; Promega Corporation, Madison, WI, USA) according to the manufacturer's protocol. All experiments were performed at least in triplicate on three separate occasions. A dose-response curve was plotted.
Apoptosis assay. Cell apoptosis was evaluated using a flow cytometry assay. Briefly, (1x10 5 SGC996 cells and 2x10 4 GBC-SD cells) Vector and OE cells seeded in 6-well plates were harvested and washed twice using phosphate buffered saline, stained with propidium iodide (PI) in binding buffer (BD Biosciences, San Jose, CA, USA) subsequent to 15 min incubation at room temperature in darkness, and detected by Becton-Dickinson FACS Calibur FCM using the software within the system (BD Biosciences).
Subcutaneous xenograft model. All experimental procedures were conducted in accordance with the institutional guidelines for the care and use of laboratory animals (26) , and ethical approval was provided by the Institutional Animal Care and Use Committee of Zhejiang Medical College, Zhejiang University (Zhejiang, China) for all animal experiments. Animals were subjected to isoflurane anesthesia. Animal studies were conducted using female 5-week-old nude mouse (20-30 g ) from Silaike Experimental Animal Co. Ltd. (Shanghai China). A total of 8 mice were housed in a specific pathogen-free laboratory, airconditioned, with a 12/12 h light/dark cycle. Subcutaneous implantation was performed as previously described (27) where mice were injected subcutaneously with DUSP1-Vector or DUSP1-OE SGC996 cells. A total of 1x10 6 SGC996 stable cells (mixed with Matrigel in a ratio of 1:1) were injected subcutaneously. After 1 week, mice were randomized into two groups: Mice treated with CDDP solution at a dose of 0.5 mg/kg in the treatment group (the CDDP(+) group) every 4 days for 3 weeks and the control group [CDDP(-) group treated with DMSO]. The mice were sacrificed under the influence of Fluothane on the 21st day before they lost 40% weight and tumor tissue was used to extract total tissue protein. DUSP1 expression was detected using western blot analysis.
Statistical analysis. Data are expressed as mean ± standard error of the mean of at least 3 independent experiments. Statistical analyses were performed using a paired Student's t-test using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). P<0.01 was considered to indicate a statistically significant difference.
Results

DUSP1 expression was markedly increased in the CDDP-resistant SGC996 cell lines and CDDP-treated subcutaneous tumor types.
In order to explore the genes involved in GBC chemoresistance, a CDDP-resistant SGC996 cell line was established. Genes such as BCRP, MRP1, MDR1 and HIF1 were previously reported to be associated with drug-resistance in various cancer types were detected (28) (29) (30) . DUSP1 expression was substantially elevated in the CDDP-resistant SGC996 cells compared with the normal SGC996 cells (Fig. 1A) . DUSP1 was reported to be involved in gemcitabine-resistance in PDAC (31) . However, the association between the induction of DUSP1 and CDDP-resistance in GBC remains unclear. In order to further confirm the DUSP1 induction resulting from CDDP treatment in vivo, subcutaneous xenograft GBC mouse models were generated by transplanting normal SGC996 cells into nude mice. The nude mice were divided into two groups: A control tumor group and a CDDP-treated group. As presented in Fig. 1B , DUSP1 expression was increased in the CDDP-treated group compared with the control group.
Altogether, the results presented in Fig. 1A and B reveal that DUSP1 expression is higher in CDDP-resistant cell lines and CDDP-treated tumors, suggesting that DUSP1 expression may be associated with CDDP-resistance.
DUSP1 overexpression resulted in enhanced chemoresistance in SGC996 and GBC-SD cells.
To further confirm that DUSP1 expression is associated with CDDP-resistance, DUSP1 was overexpressed using the addition of DUSP1-cDNA ( Fig. 2A ; protein level) in SGC996 and GBC-SD cells, and then these cells were treated with CDDP or 5-FU. An MTT assay was applied to analyze the survival rate of these cells. Furthermore, single staining for PI was performed to evaluate the cytotoxicity of these cells subsequent to CDDP treatment. SGC996 cells with DUSP1 overexpression (SGC996 OE) were less sensitive to CDDP and 5-FU treatment compared with the control cells (SGC996-vector) (Fig. 2A) . Fewer PI positive cells were observed in SGC996 OE cells compared with the control cells, and SGC996 OE cells presented a significantly higher cell viability compared with the control cells (P<0.05) which indicated a lower apoptosis rate (Fig. 2B) . Similarly, GBC-SD DUSP1 overexpressing (GBC-SD OE) cells were less sensitive to CDDP and 5-FU treatment compared with the control cells (Fig. 2C) . Additionally, there was a significantly higher cell viability of GBC-SD OE cells compared with the control cells (P<0.01; Fig. 2D) . Altogether, the evidence indicates that DUSP1 enhances chemoresistance in GBC.
DUSP1 overexpression resulted in decreased p38
MAPK apoptosis and decreased DNA damage. DNA damage is a major factor resulting in normal cell death and the DNA damage response is crucial for cell survival. Once DNA damage occurs, the foci of phosphorylated H2AX (γH2AX) will be rapidly formed in order to recruit repair factors (32, 33) . Thus, γH2AX staining usually serves as a marker for DNA damage in previous studies (34) . DNA damage in SGC996-OE cells was detected to be significantly decreased by immunofluorescent staining compared with SGC996-Vector cells (P<0.01; Fig. 3A ). This was further verified using a western blot assay (Fig. 3B) . CDDP-induced p-p38 MAPK additionally decreased in GBC-SD-OE cells compared with the control cells, which resulted in reduced CDDP-induced apoptosis, evidenced by the relatively decreased expression of cleaved PARP and cleaved caspase 3 in GBC-SD-OE cells compared with the control cells (Fig. 3B) .
Discussion
DUSP1 is induced in response to oxidative stress, hypoxia, and a number of other factors including nutritional deprivation by the regulation of tumor protein p53, transcription factor E2F1, c-Jun and activating transcription factor 2 (15, 35, 36 ). An increased expression of DUSP1 was detected in PDAC following gemcitabine treatment and served a function in the chemoresistance of gemcitabine (31) . Similarly, the elevated expression of DUSP1 in CDDP-resistant GBC cells was detected in the present study. CDDP, as a normal chemotherapy drug, triggers DNA damage response and p38 MAPK activation, resulting in cell death (13, 37) . A number of studies have indicated that CDDP activates p38 MAPK, thereby inducing apoptosis in cells and that the inhibition of p38 MAPK activation may be associated with CDDP-resistance in ovarian cancer (38) (39) (40) . Additionally, CDDP inducing DNA cross links and DSBs contributes to cancer treatment (41, 42) . However, the effectiveness of CDDP in various cancer types such as pancreatic, breast and lung cancer (43-45) is hampered by the development of drug resistance over time.
In the present study, DUSP1 additionally enhanced chemoresistance in GBC. Overexpressing DUSP1 may attenuate the activation of p38 MAPK, thereby resulting in a lower apoptotic rate as evidenced by the decreased cleaved PARP expression and activated caspase 3 protein expression. Furthermore, fewer γH2AX foci were formed in the SGC996-OE cells compared with the control cells. In this sense, DUSP1 may serve a function in reducing DNA damage and protecting GBC from cell death. Targeting DUSP1 may improve the efficiency of chemotherapy in GBC.
To conclude, the results of the present study demonstrated that DUSP1 may function through the downregulation of p38 MAPK and DNA damage to influence the efficiency of GBC chemotherapy. Previous finding have revealed that DUSP1 may additionally function through JNK-MAPK signaling to reduce the cytotoxicity caused by gemcitabine in pancreatic cancer (31) . However, gemcitabine is widely applied in GBC treatment (46) . Novel small molecules may be developed in the near future that target DUSP1 in order to suppress GBC progression more effectively.
